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ABSTRACT 
Material properties play a key role in cellular uptake of polymeric particles. In present 
study, we have investigated the effects of material characteristics such as contact angle, zeta 
potential, melting temperature, and alternative complement activation on the cellular uptake and 
different pathways of entry on pro-inflammatory, pro-angiogenic, and non-activated 
macrophages by using biopolymers (~ 600nm), functionalized with 14 different molecules.  
Understanding how material parameters influence internalization for different macrophage 
phenotypes is important for targeted delivery to specific cell populations. Here, we demonstrate 
that material parameters effects on alternative pathway of complement activation, particle 
internalization, and the mechanisms by which those particles are internalized. Our data revealed 
that negative charge, the number of hydrogen atoms, and the number of 2° carbon atoms 
positively impacted pro-inflammatory macrophage internalization; decreased complement 
activation and increased sp
2
 carbon atoms caused pro-angiogenic macrophages to uptake 
particles; and internalization by non-activated macrophages can be increased by decreasing the 
material melting temperature. These findings demonstrated that targeted drug delivery to 
macrophages could be achieved by exploiting material parameters. 
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Chapter 1. Introduction 
Macrophages, which are differentiated monocytes, were first discovered by Élie 
Metchnikoff in 1884 as phagocytic cells responsible for clearing cellular debris; engulfing and 
digesting pathogens; tissue development; and wound healing in various organisms.
1
 Now, 
macrophages are known to be an essential element in the expression of innate and adaptive 
immune responses.
2
 The functional and phenotypic diversity of macrophages has been 
extensively studied, and it is clear that a complex interplay between intrinsic differentiation 
pathways and environmental cues affect macrophage function and phenotype.
3
 Plasticity and 
diversity are hallmarks of the macrophage differentiation pathway.
4
  In response to signals 
derived from microbes, damaged tissues, or activated lymphocytes, macrophage undergo a 
polarizing or reprogramming which leads to the expression of various cell-surface receptors; 
cytokine and chemokine secretion profiles; and transcription regulators. Macrophages exist on a 
continuum of phenotypes. For simplicity, we will classify macrophages into two polarization 
states: the inflammatory or classical activated M1 macrophages and anti-inflammatory or 
alternatively activated M2 macrophages. 
5,6
 
Macrophages play an essential role in immunological processes, such as inflammation, 
infectious disease, and tumor growth.
7,8
 For the research covered in this thesis, macrophages will 
be drug targets and knowing the mechanism of drug delivery to the macrophages is absolutely 
necessary. Polymeric macro- and nanoparticles have considerable potential for various 
applications in drug delivery
9,10
. In this study, monodisperse polymeric particles were used on 
macrophages to develop a deeper understanding of the role of surface functional groups on 
macrophage reprogramming and phagocytosis for different macrophage polarizations.  
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1.1 Macrophages polarization and plasticity 
Activated CD4+ T helper (Th) 1 cells, CD8+ T cytotoxic 1 cells, and natural killer cells 
can produce interferon-γ (IFN-γ), which activates macrophages to the M1 phenotype with 
enhanced antigen-presenting capacity, higher pro-inflammatory cytokines secretion, and toxic 
mediators.
11
 Other than IFN-γ, microbial stimuli – such as a lipopolysaccharide (LPS) – or pro-
inflammatory cytokines – such as tumor necrosis factor α (TNF-α), monocyte chemotactic 
protein-1 (MCP-1) and reactive nitrogen species – can also classically polarize macrophages to 
the M1 state. In general, typical M1 macrophages markers are: interleukin (IL)-12
hi
, IL-23, and 
IL-10
lo
; and higher secretion of inducible nitric oxide synthase (iNOS)
hi
.
12
 Expression of toxic 
reactive oxygen and nitric oxygen intermediates and inflammatory cytokines such as IL-1β, IL-6 
and TNF-α participate as inducers of effector cells in polarized Th1 type inflammatory responses 
and mediate resistance against intracellular parasites and tumors.  
For alternatively activated macrophages (M2), different inducers (such as IL-4, IL-10, 
IL13, glucocorticoid hormones, or vitamin D3) play an essential role in M2 functional 
polarization.
4
 M2 activated macrophages are distinguished by high levels of scavenger, mannose, 
and galactose receptors; and IL-10
hi
, IL-12
lo
, and IL-23 secretion. Another characteristic of 
alternatively activated macrophages is elevated arginase production, resulting in ornithine and 
polyamines. In general, M2 macrophages encompass the non-classically activated macrophages, 
of which there have been three well-recognized sub-phenotypes (M2a, M2b, and M2c). IL-4 and 
IL-13 upregulated expression of the mannose receptor and MHC class II molecules stimulating 
macrophages to M2a macrophages, which promotes angiogenesis and wound healing in a Th2 
response. Immune complexes induce the M2b phenotype, and IL-10 or glucocorticoid hormones 
activate M2c cells. 
3,13
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The above description covers the extremes of macrophage polarization. In physiological 
and pathological processes, macrophages exist on a continuum of phenotypes.
2
 The 
heterogeneity of macrophage functional phenotypes reflects the hypothesis that progressively 
changing molecules in the microenvironment could change macrophage functional phenotype. 
For example, after a second exposure to LPS, classically activated macrophages become toll-like 
receptor tolerant and produce low levels of pro-inflammatory cytokines. In contrast, these cells 
continue producing anti-inflammatory cytokines, such as IL-10.
5,13,14
 IL-12 is also able to alter 
macrophage phenotype for cells chronically polarized to the M2 phenotype by the tumor 
environment.
15
 Therefore, it is reasonable that some macrophage populations show a mixture of 
phenotypes or express markers of both M1 and M2 phenotypes. 
1.2 Internalization mechanisms  
Uptake of particulate debris, fluid, pathogens, and foreign substances by macrophages 
initiates the innate immune response.
16,17
 There are several ways by which macrophages 
internalize particles: macropinocytosis, receptor-mediate endocytosis, and phagocytosis. 
Macropinocytosis is primly used for the absorption of extracellular fluids, solutes, macro- or 
small particles, which is closely related to endocytosis. Receptor mediate endocytosis refers to 
molecule-specific cellular uptake. Both of macropinocytosis and endocytosis share a clathrin-
based mechanism.
16
 Macrophages have an additional mechanism by which to internalize foreign 
particles, which is phagocytosis. This mechanism typically refers to an actin-dependent 
mechanism and is independent of clathrin. Phagocytosis is accompanied by intracellular signals 
that trigger cellular processes and the production of pro- and anti-inflammatory cytokines and 
chemokines, activation of apoptosis, and the production of molecules required for efficient 
antigen presentation to the adaptive immune system. 
17,18
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There is no single model that completely explains particle internalization owing to the 
complexity of phagocytosis.
19
 During the interaction between microbes and phagocytes, diverse 
parallel pathways are simultaneously activated that together affect particle internalization.
19
 
Several processes contribute to phagocytosis. First, several different surface receptors 
simultaneously recognize the particles. At the same time, these receptors interact cooperatively 
(or destructively) in their own pathways to mediate microbe internalization. Second, 
phagocytosis is always accompanied by and inflammatory response that in turn affects the 
efficiency and mechanisms of particle internalization. Third, the surface characteristics of the 
microbes or particles themselves will influence the entire process.
19
 Figure 1.1 describes the 
information processing at different stages of phagocytosis.
20
  
Although there is a large amount of complexity for the different internalization 
mechanisms, a shared feature between the different pathways exists: particle internalization is 
initiated by the interaction between macrophage surface specific receptors and ligands on the 
surface of the particles. These receptors include Fc receptors (FcR), toll-like receptors, scavenger 
receptors, complement receptors, and chemokine or interleukin receptors.
16
 Fc receptors have the 
ability to recognize the crystallizable fragment of lgG antibody molecules.
19
 Fc binding by 
macrophages initiates a number of signal systems with two subtype receptors: activation 
receptors and inhibitory receptors. Activating receptors with high affinity (FcγRI) and low 
affinity (FcγRIIA and FcγRIIIA) bind lgG-opsonize particles and trigger internalization, while 
the efficiency could be decreased by the inhibitory FcγR (FcγRIIB).21,22 Fc receptors also assist 
macrophage to change from innate to adaptive immune responses. For example, the ligation of 
Fc receptors could down-modulate IL-12 production, a cytokine of Th1 phenotype. In the other 
words, it drives macrophages to the Th2 phenotype.
23
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Micro- and nanoparticles are commonly used in biomedical field, particularly for drug 
delivery. Different uptake mechanisms will differ depending on the size of particles. For 
macropinocytosis and endocytosis, the optimal size of particles is 0.5 μm, which is smaller than 
for phagocytosis.
20
 Particle internalization enhancement or reduction could be used in the 
application of drug delivery, vaccine delivery, and cancer therapies.
9,24
 In prior work, biophysical 
Figure 1.1. Information processing at different stages of phagocytosis. As phagocytosis 
proceeds from the initial binding of a target to actin-dependent internalization and ultimately 
to degradation of the target in the phagolysosome, myeloid cells acquire information about the 
target through a variety of mechanisms. At the cell surface, receptors sample the chemical 
constituents of the particle and membrane dynamics facilitate an assessment of its physical 
properties. Additional information is gathered as the phagosome pinches off from the plasma 
membrane and as it matures through interactions with other intracellular compartments. 
Finally, the degradation of the target exposes ligands that were not previously accessible and 
releases ligands into the cytosol for detection by intracellular receptors. The information 
gathered by all of these processes is integrated to shape the ensuing immune response. (Figure 
from 
20
) 
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properties such as particle size, shape, and deformability have been intensely studied for their 
relation with the phagocytosis process. In previous studies, the physical dimensions of particles 
have been shown to alter internalization rates.
25
 Other studies have focused on the role of particle 
size in phagocytosis, which originates from the attachment step.
26
 Some theoretical work has 
shown that a relationship between particle size and phagocytosis exists.
27
 
28–32
 These studies have 
not considered the effect of surface functional group on internalization mechanism. 
Internalization plays a key role in the cells’ ability to read particles and decide how to 
appropriately respond to these particles. A better understanding of the internalization processes 
in response to functional groups will aid us in developing delivery tools for vaccines and new 
approaches for developing drugs that regulate macrophage responses.
20
   
1.3 The role of macrophages in cancer 
A total of ~1.67 million new cancer cases and ~0.59 million cancer deaths are expected to 
occur in United States in 2014.
33
 Until 2009, overall annual costs of cancer were $216.6 billion 
in total according to the National Institutes of Health (NIH). Cancer will become the leading 
cause of death in the United States by 2030, according to a new report from the American 
Society of Clinical Oncology. The number of cancer cases is expected to rise from 1.6 million to 
2.3 million by 2030, which is a 45% increase. In healthy patients, macrophages play a protective 
role to regulate the secretions of cytokines and chemokines to activate adaptive immune cells; 
and to destroy transformed cells.
34
 Initially, transformed cells secrete cytokines and chemokines 
to promote cell growth, which is also called the intrinsic pathway in the immune response. 
Another pathway known as the extrinsic pathway was later introduced; this pathway was 
characterized as a chronic pro-inflammation environment resulting from infection, antoimmune 
disease, or other unknown etiology.
35,36
 A large amount of these pro-inflammatory mediators are 
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secreted by macrophages and help tumor cells proliferate and survival. A consequence of this 
was that normal cytokine secretion was suppressed. These early tumor cells were called M1-like 
macrophages, which are transformed to M2-like macrophages.
37
 These cells, also called tumor-
associated macrophages (TAMs), produce a large amount of IL-10, express a low level of pro-
inflammatory cytokines, and possess poor antigen presenting capabilities. Specifically, TAMs 
produce anti-inflammatory cytokines such as IL-10 and angiogenic factors such as transforming 
growth factor (TGF-β1), epidermal growth factor (EGF), and vascular endothelial growth factor 
(VEGF). They also secrete a decreased level of reactive nitrogen intermediates and have 
decreased antigen presentation and tumoricidal capacity. The expression profile of TAMs drives 
cellular proliferation and angiogenesis. 
12,38,39
 
Figure 1.2 illustrates targeting tumor-promoting chronic inflammation as a therapeutic 
strategy.
40
 
 
 
 
 
 
 
 
 
 
 
 
8 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2. Targeting tumor-promoting chronic inflammation as a therapeutic strategy. (A) 
Tissue damage results in activation of hard-wired pathways (angiogenic and immune) 
embedded in all tissues to facilitate healing and homeostasis. (B) Type 1 immune responses, 
aided by TH1 cells, eradicate damaged cells to aid the healing prcess. (C) In tissues harboring 
initiated cells, neoplastic epithelial cells secrete factors such as TSLP, GM-CSF, CSF-1, and 
TNFα, thereby inducing recruitment of leukocytes that become TH2-polarized and resulting in 
chronic activation of angiogenic and tissue remodeling programs, enhanced survival signaling 
to aid proliferation and blunt cell death, and generation of an immunosuppressive environment 
that fosters primary tumor development and aids in metastatic disseminations. (D) Effectively 
counteracting or neutralizing tumor-promoting chronic inflammation may be achieved by 
resetting or reprogramming the prominent TH2-based programs activated in cancer; this may 
result in simultaneously favoring (immunogenic) tumor cell death, where TH1-based immunity 
emerges akin to that present during acute inflammation during wound healing, thus enabling a 
cascade of events favoring cancer rejection, perhaps as monotherapy but more likely in 
combination with chemotherapy (CTX), radiotherapy (RT), targeted therapy (TT), or 
antiangiogenic modalities (αANG). DCIS, ductal carcinoma in situ; IDC, invasive ductal 
carcinoma. (Figure from 
40
) 
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1.4 Material selection 
Temperature-responsive polymers exhibit a dramatic volume phase transition at material 
specific temperatures. Depending on whether the material becomes insoluble or soluble upon 
heating, a lower critical solution temperature (LCST) and an upper critical solution temperature 
(UCST) are used to describe this phenomenon.  Poly (N-isopropylacrylamide) (pNIPAm) will 
experience a phase transition and will shrink above 32-34°C,
41
 which is almost independent of 
molecular weight. This phase transition results from unfavorable entropy of mixing. At lower 
temperature, negative enthalpy term dominates the Gibbs free energy, which leads to the 
pNIPAm particles dissolve in water. While at higher temperature, the entropy term dominates, 
which leads to phase separation  The volume decreasing property near body temperature gives 
pNIPAm a huge advantage over other materials for drug release applications. Additionally, 
pNIPAm polymers exhibit little cytoxicity and no acute toxicity in mice.
42,43
 Because pNIPAm 
has good biocompatibility and a proper phase transition temperature, pNIPAm gels or modified 
pNIPAm particles have attracted considerable attention from both academic and industry fields, 
in applications such as drug delivery and biosensors.
44,45,46,47
 Drugs could be loaded into 
spongelike domains in modified pNIPAm particles, which serves as reservoirs, at temperatures 
below their phase transition. Upon injecting these materials into patients, the particles or gels 
will undergo a phase transition resulting in a volume decrease. The loaded drug can either be 
release through degradation, enzymatic cleavage of the crosslinkers, or through diffusion. 
Additionally, mole ratios of acrylic acid (AAc) can be added to increase the functionality of the 
particles by altering the LCST. 
In this study, pNIPAm-co-AAc particles crosslinked with bisacrylamide (BIS) were 
modified with molecules possessing various functional groups. These particles were introduced 
10 
 
to polarized macrophages. Polarized simplified macrophages (M1 and M2 phenotype 
macrophages) were used for a model TAM cancer study. Since TAMs have M2-like 
macrophages,
12
 we can consider the cytokine expression as an indicator for different macrophage 
states. We sought to determine if specific material functional groups could reprogram M2-
polarized macrophages towards an M1-phenotype by monitoring the expression of cytokine 
changes in microenvironment. We also showed that material functional groups impact the 
macrophage internalization pathways, meaning that different surface chemistries caused 
receptor-mediated phagocytosis, receptor-mediated endocytosis, or macropinocytosis to be 
favored. 
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Chapter 2. Experimental Methods 
The system studied throughout this dissertation to better understand how polymer 
functional groups influence macrophage phenotype and particle internalization mechanisms was 
a model macrophage cell line, RAW 264.7. These experiments required characterization 
techniques to typify macrophage polarization. Through detailed studies of macrophage 
polarization and internalization mechanisms for different functional groups, a more 
comprehensive understanding of how polymers affect macrophages was achieved. 
2.1 Viability assay 
Viability assays are used for measuring the cytocompatibility of a material with cells. 
Cell viability methods can be categorized as analytical tools to measure the whole population or 
individual cells. Trypan blue dye was first synthesized by German scientist Paul Ehrlich in 1904. 
It was the earliest method to assess cell viability, which is widely used in research today.
1,2
 It 
functions on the premise that damaged cells take up trypan blue, and appear blue as a 
consequence of cell membrane no longer controlling the macromolecules passing through. The 
assay requires the cells to be a single cell suspension in order to be visualized and counted in a 
defined volume under a microscope. Automated devices have become available recently.
3
 Cell 
viability assays can be classified into four categories: 1) cytolysis or membrane leakage assays, 
such as, trypan blue, propidium iodide, and 7-aminoactinomycin D; 2) mitochondrial activity or 
caspase assays, such as resazurin and formazan (MTT/XTT); 3) functional assays, in which cell 
function will be highly specific to the types of cells being tested; 4) genomic and protoemic 
assays, which use DNA microarrays and protein chips. 
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In our studies, we used 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) for cell viability analysis. This assay relies on the conversion of soluble tetrazolium into 
insoluble purple formazan crystals by chemical reduction in the mitochondria. These crystals are 
dissolved in dimethyl sulfoxide, and the absorbance is read by a plate reader to analyze cell 
viability.
2
 
2.2 Enzyme-Linked Immunosorbent Assay (ELISA) 
ELISA is a biochemical assay that uses antibodies and enzymatic color changes to 
identify the presence of different antigens or antibodies. ELISA is widely used as diagnostic 
tools in medicine and as quality control in various industries.
4
 In our research, ELISA was used 
as the analytical tools for the detection and quantification of specific proteins, such as 
interleukin-10 and tumor necrosis factor-α. It is derived from radioimmunoassays (RIA), which 
were first described by Berson and Yallow 
5
 with the radioisotope being replaced by an enzyme 
to eliminate radioactivity. 
The basic principle of ELISA is using the immunology concept of antigens binding to 
their specific antibodies, which allows us to detect small quantities of antigens or antibodies in 
fluid solutions with great sensitivity. The optical density of the fluid solution will directly reflect 
the quantities of the antigen or antibody in solution, which are calibrated with a known standard 
curve. The key step in the ELISA assay is the direct or indirect detection of antigen by adhering 
the antigen or antigen-specific capture antibodies on the bottom of well. After incubating the 
antigen containing solution with the capture antibody, specific antigens were adsorbed to the 
capture antibody. Subsequently, a detection antibody labeled with an enzyme was adsorbed to 
the antigen. The capture antibody, selected antigens, and detection antibody will compose a 
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“sandwich.” There are three types of ELISAs that have been used for biomedical research and 
clinical applications, which are “indirect ELISA”, “sandwich ELISA”, and “competitive ELISA.” 
Because sandwich ELISA uses a purified specific antibody to capture the antigen, it can 
eliminate the need to wash the other antigens, which simplifies the assay and increases its 
specificity and sensitivity.
4
 In our research, we used “sandwich ELISA” to detect cytokines, 
which were produced by polarized macrophages. 
The steps are:  
1. Coat the surface and any nonspecific binding sites on the surface with capture 
antibodies and block nonspecific adsorption by with a blocking buffer such as 
bovine serum albumin  
2. The antigen- containing samples and known cytokines, which comprise the 
standard curve, are applied to the plate  
3.  Specific primary antibody is added to the bound antigens after removing unbound 
antigens through phosphate buffered saline washes  
4. Enzyme-linked secondary antibodies are applied that bind to the primary antibody, 
and unbound antibody-enzyme conjugates are washed off  
5. Substrate is added to convert the amount of adsorbed enzyme into optical signals, 
and the absorbance of optical signal is measured to quantify specific antigen 
Microplate Readers are laboratory instruments, which are designed for sample biological, 
chemical, or physical detection in microtiter plates. Common detection modes for microplate 
assays are absorbance, fluorescence intensity, time-resolved fluorescence, luminescence, and 
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fluorescence polarization. In our research, we used Synergy HT Multi-Mode Microplate Reader 
for fluorescence and absorbance measurements. 
When making absorbance determinations, the plate reader employs a xenon flash lamp 
and a monochromator for wavelength selection. The monochromator provides wavelength 
selection from 200 to 999 nm in 1 nm increments. All the experiment plate readings followed 
different protocols depend on signal absorbance. 
2.3 Immunofluorescence 
Immunofluorescence is a powerful technique that utilizes fluorescently labeled antibodies 
to detect specific target antigens. This technique can be used either on tissue sections, cultured 
cell lines, or in combination with other, non-antibody methods of fluorescent staining such as 
DAPI (4',6-diamidino-2-phenylindole) to label DNA).  
There are two types of immunofluorescence techniques, direct and indirect. Direct, or 
primary, immunofluorescence only uses one antibody, which has been labelled with a 
fluorophore.  The antibody could recognize the target antigens and bind to it. This method 
reduces the number of steps in the staining procedure and the background signal by avoiding 
antibody cross-reactivity or non-specificity. Direct immunofluorescence is less sensitive than 
indirect since the number of fluorescent molecules bound to the primary antibody is lower in 
primary staining. Indirect, or Secondary, immunofluorescence uses two antibodies: the unlabeled 
primary antibody for binding target antigens and the secondary antibody with the fluorophore for 
primary antibody recognition. Because multiple secondary antibodies can bind to a single 
primary antibody, this can increase the number of flurophore molecules to amplify signal. 
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There are also several limitations of immunofluorescence: 1) photobleaching and 2) the 
sample may need to be permeabilized since antibodies cannot across the cell membrane, 
necessitating cell fixation. 
2.4 Zeta potential testing 
There are two electrical layers in particle dispersion: 1) in an ionic solution, nanoparticle 
with a net charge has an ion layer, which is strongly bound to their surface referred to as the 
Stern layer;
6
 2) diffuse outer layer is comprised of loosely associated ions. The potential in the 
“slipping plane”, which is between the ions in the diffuse layer and the ions that remain with the 
bulk dispersant, is called zeta potential. 
A zetasizer was used to measure particle zeta potential. It functions by applying an 
electrical field to a solution of molecules, the particles then move with a velocity related their 
zeta potential. The velocity is measured by phase analysis light scattering, and this technique 
enables the calculation of electrophoretic mobility, which can derive the zeta potential and zeta 
potential distribution. 
2.5 Internalization 
Macrophage internalization mechanisms are extremely complex. Since there are multiple 
pathways by which particles can enter cells (macropinocytosis, endocytosis, and phagocytosis), 
each of these pathways must be sequentially blocked to determine the mechanism of 
internalization. Cytochalasin D, chlorpromazine, filipin and amiloride EIPA were used separately 
to block particle internalization mechanisms. The functions of these four chemicals reagent are: 
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1. Amiloride or dimethyl amiloride (EIPA) – an inhibitor of the Na+/H+ exchanger pump 
in the plasma membrane which inhibits macropinocytosis.
7
 
2. Chlorpromazine – an inhibitor of clathrin-mediated endocytosis.8 
3. Filipin – a molecule that specifically binds to cholesterol, which is abundantly found in 
caveolae, and inhibits caveolae-dependent endocytosis 
8
 
4. Cytochalasin D – an inhibitor of actin polymerization. Cytochalasin D binds to the 
barbed ends of actin filaments with high affinity and inhibit both the polymerization and 
depolymerization of actin, thus blocking phagocytosis.
9
 
After one hour incubation with the above inhibitors, we incubated fluorescently labelled 
modified pNIPAm particles with macrophages for 4 hours to determine the mechanism of 
internalization.  
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Chapter 3. The Effect of Polymer Chemistry and 
Macrophage Phenotype on Particle Internalization 
Material properties play a key role in cellular uptake of polymeric particles. In present 
study, we have investigated the effects of material characteristics such as contact angle, zeta 
potential, melting temperature, and alternative complement activation on the cellular uptake and 
different pathways of entry on pro-inflammatory, pro-angiogenic, and non-activated 
macrophages by using biopolymers (~ 600nm), functionalized with 14 different molecules.  
Understanding how material parameters influence internalization for different macrophage 
phenotypes is important for targeted delivery to specific cell populations. Here, we demonstrate 
that material parameters effects on alternative pathway of complement activation, particle 
internalization, and the mechanisms by which those particles are internalized. Our data revealed 
that negative charge, the number of hydrogen atoms, and the number of 2° carbon atoms 
positively impacted pro-inflammatory macrophage internalization; decreased complement 
activation and increased sp
2
 carbon atoms caused pro-angiogenic macrophages to uptake 
particles; and internalization by non-activated macrophages can be increased by decreasing the 
material melting temperature. These findings demonstrated that targeted drug delivery to 
macrophages could be achieved by exploiting material parameters. 
3.1 Introduction 
Engineered biomaterials have shown a variety of applications and great potential in the 
biomedical field including drug delivery, tissue engineering, and medical imaging.
1,2
 A deeper 
understanding of the fundamental interaction between such materials and biological systems can 
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undoubtedly help to program the efficacy of delivery and even further influence the clinical 
practice.
3
 Among these interactions, cellular uptake of the materials has attracted intense 
attentions due to its biological significance for disease diagnosis and therapy. 
4,5
  
In particular, macrophages are the main scavengers responsible for the clearance of 
particulate debris, fluid, and foreign substances in immune system. 
6,7
 The mechanisms by which 
macromolecules are internalized by macrophages can be through phagocytosis, macro-
pinocytosis, and endocytosis.
8
 Phagocytosis (cell eating, the uptake of large particles, and 
primarily occurs in macrophages) is an actin-dependent process of internalizing particles which 
are typically > 0.5 μm in diameter. This process will ensure the uptake of particulate particles 
into phagosomes followed by delivery to lysosomes via the effects of diverse cell surface 
receptors.
8
 Macro-pinocytosis (cell drinking) is a non-selective uptake that allows the 
internalization (which is typically 0.5-5 μm) via eruption of membrane ruffles.8   There are at 
least three distinct mechanisms for endocytosis: clathrin-mediated endocytosis (CME), caveolae-
mediated endocytosis, and clathrin- and caveolae-independent endocytosis. CME occurs in all 
types of mammalian cells and requires the formation of coated pits by assembly of clathrin. 
Caveolae-mediated endocytosis involves small flask-shaped (50-60nm) caveolae, which is 
created by caveolin. The mechanism will shift from CME to caveolae-mediated endocytosis after 
a diameter of 200 nm for B16 cells.
9
 Smaller particles (only between 430 nm, 1.9 μm, 4.8 μm) 
accumulate in the cells in a faster rate and promote the secretion of Th1-specific molecule 
signals in J774A.1 cells. 
10
 
In principle, both material properties and the biological system (e.g. various 
internalization mechanisms) are significant to regulating particle internalization. Material 
properties include physical properties, such as particle size, shape, and deformability, and 
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chemical properties, which are depended on their own functional group. 
11–15
 Other studies 
showed that the geometry of the particles can have strong effects on phagocytosis.
11
 Some 
modeling studies on particle internalization also demonstrate the size effects of cell cytoskeleton 
and ligand density. 
16–19
 However, in these studies, the library of functional groups effects on 
different pathways of particle internalization was not built.Improving the understanding of the 
relation between material properties and biological system is crucial to improve targeted drug 
delivery.  
Macrophages exist on a continuum of phenotypes, which arise from the different micro-
environment cues present in the host. In response to signals derived from microbes, solute or 
activated lymphocytes, macrophages undergo a polarizing or reprogramming, which leads to the 
expression of various cell-surface receptors for cellular uptake, cytokine and chemokine 
secretion profiles and so on. For simplicity, we classify macrophages into two polarization states 
in our work: the inflammatory or classical activated M1 macrophages and anti-inflammatory or 
alternatively activated M2 macrophages.  
As a temperature-responsive ‘smart’ polymer, poly (N-isopropylacrylamide) (pNIPAm) 
has been extensively studied for applications in drug delivery due to its biocompatibility and its 
phase transition 32-34°C that results in a volume decrease. 
20,21
 Here, we synthesized p(NIPAm-
co-acrylic acid (AAc)) particles and modified them with 13 different functional groups to 
investigate the effects of chemical moieties on particle internalization in M1, M2, and 
nonactivated macrophages. We also investigated the mechanisms of internalization for the 
different polarizations and functional groups. Correlations between phagocytic mechanisms and 
material properties were examined.  
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3.2 Materials and Methods 
12 chemically unique functional groups were coupled to polymers to assess how they 
affect macrophage activation. All experiments were performed in quadruplicate, error bars 
indicated the standard error of the mean, and results were expressed as a percentage of positive 
controls. 
 Fresh deionized water (Mili-Q, Thermo Scientific Nanopure) was used all through this 
study. N-isopropyl acrylamide monomer (NIPAm) (Sigma-Aldrich), acrylic acid (AAc) 
(J.T.Baker), N,N-methylenebis(acrylamide) (BIS) (Sigma-Aldrich), potassium persulfate (KPS) 
(Sigma), 1-ethyl-3(-3-dimethylaminopropyl) carbomiimide hydrochloride (EDC) (Sigma), (3-(4, 
5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) (Sigma), dimethylsulfoxide 
(DMSO) (Fisher) were all used as received. Monomers that were coupled to p(NIPAm-co-AAc) 
particles were: 3-butenylamine (Santa Cruz Biotechnology);1,4-dioxan-2-ylmethanamine 
(Sigma); glycidamide, (Sigma); 4-amino-3-penten-2-one (Sigma); malonamide (Fisher); tert-
butyl 4-aminobutanoate (VWR); aminoacetaldehyde dimethyl acetal (Alfa Aesar); 3-
aminobenzamide oxime (Sigma); 2,4-dinitro-phenyl-hydrozylamine (Sigma); 1-Amino-4-
oxocyclohexanecarboxylic acid ethylene ketal (Sigma); 2-aminoethylmethylsulfone 
hydrochloride (Sigma); 3-amino-1-propanesulfonic acid (Fisher); and aminomethylphosphonic 
acid (Alfa Aesar).  
3.2.1 Polymer Synthesis  
3.2.1.1 Poly(NIPAm-co-AAc) particle Synthesis 
NIPAm (2.4 g), BIS (0.16 g), and 157 μl AAc were dissolved in 100 ml water and stirred 
under a nitrogen atmosphere in a 250 ml round-bottom flask for 30 min at 70°C, well above the 
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LCST for PNIPAM. Then, 200 mg of KPS was dissolved in 10 ml distilled water and added to 
the flask via a syringe. After 4 h, the suspension was slowly cooled down to room temperature, 
filtered with P5 grade filter paper, and dialyzed for 48 hours. Poly(NIPAm-co-AAc) particles 
were freeze-dried. 
3.2.1.2 Polymer Modification 
In a 15ml tube, 3 ml of phosphate buffer (PBS was diluted from Phosphate buffered 
saline-10X solution, Fisher Scientific to 0.1M, pH 7.4) 6 mg of monomers, 0.6 ml of 5% w/v 
p(NIPAm-co-AAc) particles, 60 mg of EDC were vortexed and incubated overnight at room 
temperature. The particles were dialyzed for 24 h and lyophilized. The particles were 
reconsitituted at 1% w/v.  
3.2.2 Captive air bubble contact angle  
All contact angle were measured for p(NIPAm-co-AAc) modified particles  at room 
temperature.  
20 g NaOH pellets, 120 ml 95% ethanol, and 80 ml distilled water were mixed well and 
used as a cleaning solution. Slides were gently shaken for 2 h in the cleaning solution and 
washed by Mili-Q water for 30 min. Next, the slides were incubated in 150 ml H2O, 200 ml 1X 
PBS, and 35 ml 0.05% w/v poly-L-lysine (PLL) for 30 min. The slides were washed again with 
MIli-Q water for 30 min before they were dried in at 50 °C in an oven.   
100 μl 1% w/v of particle suspensions were dried on the surface of PLL coated slides at 
room temperature. A container was filled with distilled water and slides were completely 
27 
 
immersed in water. 100 μl of air is injected into the water to form an air bubble underneath the 
particle domain. The needle was carefully moved and the bubble was captured by camera.   
3.2.3 Zeta potential 
Distilled water was neutralized to pH~7 with HCl or NaOH to ensure that the ions in 
water would not interfere with the zeta potential of particles. 100 μl 1% w/v of particle was 
added into 5 ml water and zeta potential was measured by Zetasizer Nano Z (Malvern).  
3.2.4 Fluorescent particles 
 The polymer particles were mixed with FITC (Fluorescein, Sigma, 1 mg/ml in DMSO) 
in a 1:1 ratio. Unmodified p(NIPAm-co-AAc) particles served as positive control. 500 μl PBS 
and 500 μl 1 mg/ml FITC were mixed at the same time and used for the standard curve. After 
incubation for 2 days, all materials were centrifuged at 3,000x g for 5 min. The supernatant was 
carefully transferred into to black 96-well plates (Thermo Scientific). The same amount of PBS 
was added to ensure that the concentration of particles was maintained at 0.125%. These 
particles were used for cell viability and phagocytosis experiments.  The standard curve was 
made through serial dilution. An excitation/emission of 480/520nm was used to evaluate the 
amount of FITC not loaded into the particles.  
3.2.5 Cell Viability and cellular uptake  
RAW 264.7 cells (ATCC) were cultured at 37°C with 5% CO2 in Dulbecco’s modified 
eagle’s medium (Thermo Scientific) supplemented with 10% fetal bovine serum , 100U/L 
penicillin, and 100μg/ml streptomycin, to be referred to as complete media (CM). Cells 
(50,000cells/well with 100μl media in every well except negative control) were seeded in black 
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96-well plates for 24 hours with 25 ng/ml interleukin-4 (IL-4, eBioscience Inc.) or 5 μg/ml 
lipopolysaccharide (LPS, Sigma Aldrich). A control set of experiments was not activated. After 
incubating 24 h at 37 °C, the media was carefully aspirated, and 50 μl of 0.125% w/v labelled 
p(NIPAm-co-AAc) particles and 50 μl CM were added to each well and incubated for 4 h at 
37°C.  
For the cell viability, the media was aspirated and 10 μl of 5 mg/ml MTT and 100μl CM 
without phenol red were added to the plate and incubated for 2 h. The insoluble formazan 
crystals were dissolved in 100μl DMSO after aspirating 85 μl of media. The optical density (OD) 
at 540nm was measured using a plate reader (BioTek Synergy HT Multidetection Microplate 
Reader) with a reference at 690nm.  
For the celluar uptake, the particle suspension was removed and immediately quenched 
with trypan blue (0.25 mg/ml). An excitation/emission of 480/520nm emission was used to 
record the phagocytic activity.  
3.2.6 Treatment with inhibitors 
Before adding any fluorescence particles, RAW 264.7  cells were treated with cytoclasin 
D (CD, 5 μg/ml), filipin (5 μg/ml), chlorpromazine (10 μg/ml), 5-(N,N-dimethyl)amiloride 
hydrochloride (EIPA, 30 μg/ml) (all from sigma), in CM and sterilized PBS in a 1:1 ratio for 1 h, 
at 37 °C. Fluorescently loaded pNIPAm particles were added subsequently. After 4 h, the cells 
were analyzed by the same protocol with cellular uptake. 
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3.2.7 Cell imaging 
Cover slips were washed in the same washing solution for 2 h, and washed by Mili-Q 
water for 10 min. 
A washed cover slip was placed in 2 ml CM in a tissue culture-treated culture dish 
(Corning). Cells were seeded at a density of 500,000 cells\ml for 24 h at 37 °C. Cells were 
incubated with a 0.0625% w/v solution of FITC labeled particles for 4 h.. Next, the coverslip was 
washed with trypan blue (0.2 5mg/ml) for 1 min and cell images were obtained with a Floid cell 
imaging station (Life Technologies). 
3.2.8 DSC 
Differential scanning calorimetry (DSC) measurements were made on Perkin 1 model 
(PerkinElmer Inc.) for the melting temperature test, and 10 ml/min nitrogen flow was used for all 
the DSC experiment. All the lyophilized samples were sealed into the standard aluminum DSC 
pans.  
Modified pNIPAm particles were tested by DSC under the scan mode from 0°C to 300°C 
at a heating rate of 20°C/min. Endodermal peak gives the value of sample melting temperature.     
3.2.9 Alternative complement activation 
Alternative complement activation of the materials synthesized was assessed using the 
ASTM protocol F2065. Briefly, rabbit red blood cells (RBCs) were centrifuged and resuspended 
in ice-cold barbital buffered saline-gelatin EDTA (BBS-G-EDTA) a total of 3 times. The cells 
were resuspended at 2.0 x 108 cells/ml in barbital solution supplemented with 51 mg MgCl2 and 
4 mg CaCl2 in 250 ml. The RBCs were exposed to C4 deficient guinea pig serum that had been 
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incubated with p(NIPAm-co-AAc) particles for 1h at 37°C. Lysis of the RBCs was measured at 
412 nm and percentage of lysis was calculated as: 
  % lysis =
test absorbance - "no-RBC" control absorbance
total lysis absorbance
´100  (1) 
where the total lysis was RBCs incubated with DI water, the “no-RBC” control absorbance was 
RBCs incubated with serum that was not exposed to the material, and test absorbance was the 
RBCs exposed to serum incubated with the p(NIPAm-co-AAc) particles. 
3.2.10 Statistics and data analysis 
 Statistical analysis was performed using XLSTAT® statistical software. Statistical 
significance of the mean comparisons were determined by ANOVA. Pair-wise comparisons were 
analyzed with Turkey HSD. Difference were considered statistically significant for p < 0.05. 
Partial least squares regression was performed on the material descriptor data set to determine 
the influence of material properties on particle internalization.  
 Principal component analysis was used to provide a description of the covariance 
structure. The principal components are linear combinations of the original variables, plotted on 
axes to represent directions of maximum variance. The relationships between materials can be 
observed through projections of the first and second principal components in two-dimensional 
space. 
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3.3 Results 
3.3.1 Synthesis and characterization 
Upon synthesis of 600nm p(NIPAm-co-AAc) particles (Figure 1), the particles were 
coupled to the functional groups shown in Figure 2 via carbodiimide chemistry. NIPAm exihibts 
a phase transition in which the gel is in a swollen state at low temperatures to a collapses at 
higher temperature, enabling loading at room temperature. AAc was co-polymerized with 
NIPAm to allow functionalization of the molecules in Figure 2 with the particles. 
 
Figure 1. Scanning electron micrograph of the synthesized p(NIPAm-co-AAc) particles. (Scale 
bar: 5 μm) 
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Figure 2. The chemical structures of all monomers used for the modification of p(NIPAm-co-
AAc) particles. Their functional groups were used as labels in following figures for convenience. 
 
The materials synthesized were characterized for their surface charge, hydrophobicity, 
and melting temperature. Zeta potential indicates the relative surface charge of a material. 
Surface charge has a significant impact on particle internalization, which has been extensively 
demonstrated.
22,23
 Fig. 3A summarizes the zeta potential on various modified and unmodified 
p(NIPAm-co-AAc )particles. Zeta potential of unmodified p(NIPAm-co-AAc)particles is -11.0 ± 
0.89 mV, which is comparable previously reported values.
24
 A wide range of zeta potential (from 
-24.3 mV to 8.84 mV) results from changing the functional group of the particles (Fig. 3A). The 
water contact angle measures the hydrophobicity/hydrophilicity of the material. The contact 
angle and standard deviation had been shown in Fig. 3B. Contact angle of all particles was 
Acetal Alkene Amide Epoxide Ester 
Ketal Ketone Nitro 
Oxime Phosphonic acid 
Ether 
Sulfone Sulfonic acid 
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between 35° to 50°, which indicates they are hydrophilic materials. The melting point of all 
particles was found to be in a range from 104 °C to 143 °C. (Fig. 3C) 
 
 
A 
B 
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Figure 3.  Material characterization of modified p(NIPAm-co-AAc) particles. (A) Zeta potential, 
(B) water contact angle, (C) melting temperature, and (D) percentage of red blood cell lysis from 
alternative activation of complement. (Zeta potential and percentage of lysis data represents three 
replicates for each sample, water contact angle represents five replicates for each sample, all data 
are shown by mean value ± standard deviation) 
C 
D 
35 
 
The bioactivity of the materials was also measured through alternative activation of 
complement. The complement system is a complex biochemical cascade that consists of over 25 
proteins and peptides that acts to release cytokines and lyse cells. Complement becomes 
activated when foreign materials come into contact with blood or tissue. This activation can 
ultimately lead to systemic responses such as tissue activation or rejection of the material. The 
particles synthesized were exposed to serum, which was subsequently used to lyse RBCs (Fig. 
3D). Particles that activate complement will deplete complement components from the serum, 
thus resulting in a decreased release of hemoglobin when the serum is exposed to RBCs.  
3.3.2 Cell Viability 
The cytotoxicity of materials needs to be test for the further application of drug delivery. 
Particle cytotoxicity was determined by using MTT cell viability assay. The viability of cells 
exposed in modified p(NIPAm-co-AAc) particles was expressed as a percentage of cell viability 
of unmodified p(NIPAm-co-AAc) particle (shown as control). At the concentration of modified 
p(NIPAm-co-AAc) particles used here, cells were all above 80% viability, which indicated no 
cytotoxicity (Fig. 4). 
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Figure 4. Viability assay showing the cytotoxicity of all particles on LPS or IL-4 activated or 
non-activated RAW 264.7 cells. p(NIPAm-co-AAc) particles were used as the control and all 
other samples were normalized to these materials. (Data represents the mean value of five 
replicates for each sample ± standard deviation) 
 
3.3.3 Particle internalization by activated and non-activated macrophages 
In recent years, the influence of particle size and shape on internalization has been 
extensively studied.
11,12,25
 It was therefore of strong interests to examine the effects of different 
functional groups on different activated macrophages. To attain this goal, the cellular uptake of 
the 14 different particles was measured by using activated or non-activated RAW 264.7 cells, 
with a constant particle concentration level (75 μg/ml). We incubated FITC loaded particles with 
LPS, IL-4 activated and non-activated macrophages for 4 hours, and used trypan blue to quench 
the fluorescence of membrane-bound particles. For the LPS activated macrophages (Fig. 5A), 
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alkene-, amide-, epoxide-, ester-, ether-, ketal-, ketone-, nitro-, and oxime- functionalized 
particles were internalized better than the other functional groups (p < 0.05), which were 
internalized at a similar level. In IL-4 activated macrophages (Fig. 5B), acetal, ether, phosphonic 
acid, sulfone, and sulfonic acid functionalized particles did not increased the internalization of 
the particles (p < 0.05). All other materials were statistically similar to the control. For non-
activated macrophages, only epoxide-, ketone-, oxime-, and sulfonic acid functionalized particles 
did not result in an increased particle internalization compared to the control (p < 0.05) (Fig. 5C). 
Internalization of the fluorescently loaded particles was confirmed through fluorescence 
microscopy (Fig. 5D-5E).  
 
 
 
 
A 
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Figure 5. Particle internalization by LPS or IL-4 activated or non-activated macrophages. 
(A) The fluorescence level of FITC labelled particles internalized by LPS or IL4 activated, or 
non-activated macrophages (Data represents the mean value of three replicates for each sample ± 
standard deviation). (B-D) Representative images for each particle internalized by LPS or IL-4 
B 
C 
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activated, or non-activated macrophages. (Scale bar: 50 µm) * indicates p < 0.05 compared to 
p(NIPAm-co-AAc) for that particular macrophage activation. 
         Figure 5 continued 
 
3.3.4 Mechanisms of particle internalization 
It has been well-established that there are different pathways of endocytosis operating 
simultaneously for particle internalization.
9
 In order to understand whether polymeric particles 
affect those routes of internalization, LPS-activated (Fig. 6A), IL4-activated (Fig. 6B) and non-
activated (Fig. 6C) macrophages were treated with well-known biochemical inhibitors of 
phagocytosis, caveolae-dependent endocytosis, clathrin-mediated endocytosis (CME), and 
macropinocytosis. All data for the different inhibitors were normalized to particle internalization 
without inhibitors. 
.  
D 
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Figure 6. Mechanisms of particle internalization for LPS or IL-4 activated or non-
activated macrophages. (A)-(C) Fluorescence measurements of CD, flilipin, chlorpromazine, or 
EIPA blocked LPS, IL-4 and non-activated macrophage particle internalization. All data of 
A 
B 
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different inhibitors were normalized to particle internalization without inhibitors. * -p < 0.5, ** -
p < 0.03, *** -p < 0.02, **** -p < 0.0125, # -p < 0.012, ## -p < 0.006, ### -p < 0.003, + -p < 
0.0025, ++ -p < 0.0018, +++ -p < 0.001, ++++ -p < 0.00004 compared to macrophages that were 
not blocked. 
Figure 6 continued 
 
To investigate the phagocytosis pathway, different activated macrophages were 
pretreated with cytochalasin D (CD), which can inhibits actin polymerization thereby preventing 
phagocytosis (Flanagan & Lin, 1980), and then treated with different particles. For LPS activated 
macrophages (M1 phenotype macrophages) (Fig. 6A), CD resulted in a fluorescence marker 
slightly decrease in cellular uptake for all particles (80%-90% compare to the untreated 
macrophages). Epoxide-, phosphonic acid and sulfone-functionalized particles had a statistically 
reduced level of internalization compared to the other samples and control (p < 0.05). For IL-4 
activated macrophages (M2 phenotype macrophage) (Fig. 6B), decreases in particle 
C 
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internalization were observed for ether-, ketone-, nitro-, oxime-, and sulfonic acid (p < 0.05). 
There were obvious changes for acetal-, amide-, epoxide-, ketal-, nitro-, phosphonic acid, 
sulfone-functionalized particles (p <0.05) for non-activated cells (Fig. 6C) treated with CD.  
Similarly, filipin was used to inhibit caveolae-dependent endocytosis, since this inhibitor 
can disrupt endocytosis by specifically binding to cholesterol, which has been found in caveolae. 
(Rothberg et al., 1992)  When M1 were treated with this compound, significant decreases were 
observed for amide-, epoxide-, nitro-, phosphonic acid, and sulfone-functionalized particles and 
the unmodified p(NIPAm-co-AAc) particles (p < 0.05). M2 macrophages were inhibited by 
30%~40% after the incubation of alkene, ester and oxime particles (p < 0.003). Ketone- and 
amide-functionalized particles also decreased internalization (p < 0.05) Acetal-, amide-, and 
oxime-functionalized particles showed decreased internalization (10-40%) for non-activated 
macrophages (p < 0.03). 
 To examine the functional groups effects on the CME pathway of particle internalization, 
we used chlorpromazine as an inhibitor for different activated macrophages. 
26
 Ester-, ether-, and 
phosphonic acid decreased internalization by ~15-25% (p < 0.02) (Fig. 6A). M2 macrophage 
cellular uptake was inhibited substantially for oxime- (45%, p < 0.00004) and modestly for 
alkene-, ether-, and ketone-functionalized particles (15-30% decrease, p < 0.006) (Fig. 6B). 
Acetal and phosphonic acid functionalized showed a 40%-50% inhibition for non-activated 
macrophages (p < 0.02). Amide-, nitro-, and ketone-functionalized particles were also inhibited 
~25% (p < 0.05). 
Amiloride (EIPA) is an inhibitor of the Na+/H+ exchanger pump in the plasma 
membrane and proper ion concentration will inhibit the macropinocytosis pathway.
27
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Pretreatment of the macrophages with this inhibitor that inhibited the uptake of epoxide-, nitro-, 
and phosphonic acid functionalized particles by 15-30% for M1 macrophages (p < 0.02). 
Significant decreases of >40% internalization were observed with alkene- and ketone-
functionalized particles (p < 0.003). Other decreases (10-30%) were measured with amide-, 
oxime-, and sulfonic acid functionalized particles along with the control (p < 0.001). Only ketal- 
and amide-functionalized particles were observed to depend on the macropinocytosis pathway 
with >25% decreases in internalization (p < 0.02). 
Since RAW 264.7 cells are phagocytic cells, a significant contribution of phagocytosis to 
the internalization was expected. While there’s no distinguishable internalization knock down 
either by cytochalasin D or the other biochemical inhibitors, it might be result from other factors 
influencing particle internalization.  
3.4. Discussion 
3.4.1. On the influence of materials and cell phenotypes on internalization mechanisms. 
 Figure 9 shows the principal component analysis for the internalization and mechanisms 
for internalization for the different microgels. The different materials are plotted in Fig. 9A and 
the macrophage phenotypes are plotted in Fig. 9B. Both parts of Fig. 9 represent the same data. 
Very little dependence of material type or polarization is seen in Fig. 9A and 9B, respectively, 
meaning that both parameters are important for internalization mechanism. 
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A 
Descriptor Description 
1 Water contact angle 
2 Zeta potential 
3 Melting temperature 
4 Number of carbonyls 
5 Molecular weight 
6 Number of hydrogen atoms 
7 Number of oxygen atoms 
8 Number of 3° carbon atoms 
9 Number of 2° carbon atoms 
10 Number of 1° carbon atoms 
11 Number of carbon atoms 
12 Number of sp2 carbon atoms 
 
B 
 
Figure 7. Identification of material parameters that influence alternative activation of 
complement. (A) Molecular descriptors for the features of the p(NIPAm-co-AAc) particles. (B) 
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Partial least squares analysis was used to identify the polymer descriptors that impact 
complement activation through the alternative pathway. 
 
3.4.2. Material parameters that influence the alternative pathway of complement activation 
for p(NIPAm-co-AAc) particles 
 In examining p(NIPAm-co-AAc) particle internalization, these polymeric microgels were 
characterized for their ability to activate complement. This pathway is initiated by the hydrolysis 
of C3 to C3a and C3b. C3a is involved in chemotaxis, while C3b acts as an opsonin. Thus, the 
activation of complement by these particles can play a crucial role in phagocytosis, or 
internalization in general. Analysis of material properties (Fig. 7A) and their effects on activating 
complement are shown in Fig. 7B. Complement activation is measured after the materials are 
allowed to deplete serum complement components. Hence, a larger % lysis corresponds to a 
decreased activation of the complement components. This also means that material descriptors in 
Fig. 7B with a positive correlation with lysis have a negative impact on the alternative pathway 
of complement. Three material parameters were found to influence complement activation: 
WCA, number of 2° carbon atoms, and the number of sp
2
 carbon atoms. Unsurprisingly, 
increasing the hydrophobicity of the materials synthesized here cause complement to hydrolyze. 
This is in agreement with previous reports in which protein adsorption reaches a maximum at a 
WCA of ~50°
28
 and complement is activated by hydrophobic materials
29
. The observation that 
increasing the number of 2° carbon atoms increases complement activation is in line with this 
observations since increasing the number of 2° carbon atoms will increase the number of 
aliphatic carbon chains, thus increasing the hydrophobicity of the material. The final correlation 
46 
 
– the number of sp2 carbon atoms – causes a decrease in complement activation, suggesting that 
the double bonded carbon does not hydrolyze complement. These findings and methodology for 
understanding how biomaterials impact complement activation have important implications for 
rational design of systems that seek to either avoid or trigger complement activation, such as 
vaccine design
30
, artificial organs
31
, and drug delivery systems
32
. 
3.4.3. Targeted delivery of p(NIPAm-co-AAc) particles to specific macrophage phenotypes 
through exploiting material properties. 
 Partial least squares analysis was performed on M1, M2, and non-activated macrophages 
and their material properties, as shown in Fig. 8. Interestingly, different material descriptors 
impacted particle internalization dissimilarly for the three activations. Both non-activated and 
M1 macrophages exhibited a slight positive correlation on WCA. Increased complement 
activation also had a modest impact on internalization. Interestingly, the alternative pathway of 
complement influenced M2 macrophages more significantly than the other activations and the 
internalization decreased with activated complement. This decrease may be explained by the 
reduction of complement receptors expressed on M2 macrophage surfaces
33
. The M2 
macrophages also have a strong positive correlation with the number of sp
2
 carbon atoms, which 
is likely tied to the complement activation since this trend was observed for complement 
activation in Fig. 7B.  
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Figure 8. Identification of material parameters that influence internalization of particles for the 
different macrophage phenotypes – LPS, IL-4, and non-activated. Partial least squares analysis 
was used to identify the polymer descriptors that impact internalization of the p(NIPAm-co-
AAc) particles. Numerical descriptors are the same as Figure 4 with the addition of 13 – 
alternative activation of complement. 
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Figure 9. Principal component analysis biplot of particle internalization for different 
macrophage activations. The high dimensional correlation allows one to track the influences of 
particle chemistry on internalization and internalization mechanism. The first principle 
component explains 48.35% data variance, while the third principle component explains 15.57%. 
(A) Principal component analysis of materials. (B) Principal component analysis of activations. 
Both plots represent the same data. 
  
A strong negative impact was observed from the melting temperature of the particles for 
the non-activated macrophages only. M1 macrophages were very positively correlated with the 
number of hydrogen atoms, the number of 2° carbon atoms, and the total number of carbon 
atoms. More negatively charged particles also resulted in a higher likelihood of M1 
internalization. This is not surprisingly since surface chemistry is known to influence 
opsonization, which ultimately activates the macrophage response.
34
 
 In total, there are several parameters that are linked to specific macrophage phenotypes, 
implying that targeted delivery of macrophages can be achieved through exploiting material 
parameters. Specifically these parameters are: melting temperature for non-activated; decreased 
complement activation and increased sp
2
 carbon atoms for M2 macrophages; and negative 
charge, number of hydrogen atoms, and number of 2° carbon atoms for M1 macrophages. 
 
 
50 
 
3.5. Conclusions 
 The material characteristics, particle internalization, and biochemical inhibitory data 
reveals some interesting results. First, the alternative complement pathway can be affected by 
hydrophobicity, the number of 2° carbon atoms, and the number of sp
2 
carbon atoms. Second, 
distinct material parameters influence particle uptake for different macrophage phenotypes. 
Particle internalization of M1 macrophages can be engineered by changing the surface charge, 
the number of hydrogen atoms, and the number of 2° carbon atoms. Decreased complement 
activation and increased sp
2 
carbon atoms positively impacts cellular uptake for M2 macrophages. 
Decreasing the melting temperature of polymeric particles can positively affect the non-activated 
macrophage internalization process. Lastly, difference pathways of cellular uptake have very 
little dependence on either material type or macrophage polarization, illustrating the importance 
of understanding how polymers interact with different macrophage types. The generalities 
uncovered in this work pave the way for rational design for drug delivery to distinct macrophage 
phenotypes. 
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